The existence of topography above the geoid violates the basic assumption of Stokes' formula for the determination of the geoid. Usually a constant density of 2.67 g cm −3 is used in the determination of the geoid. However, we know that the density of the topographical mass departs by about 10-20 per cent from the actual mean value of the crustal density. Iran has one of the largest relief and density variations in the world and the geoid computation in this area is affected the most by topographical density effects. The influence on the geoid height coming from the actual and Pratt-Hayford's isostatic models are studied. Numerical results show that the differences in the geoid height due to actual and isostatic density models can reach up to 0.22 and 0.29 m, respectively, which is not negligible in a precise geoid determination with centimetre accuracy. Our results suggest that the effect of topographical density lateral variations is significant enough and ought to be taken into account specially in mountainous regions in the determination of a precise geoid model. Key words: geoid, GPS/levelling, Iran, isostasy, lateral density variation.
I N T RO D U C T I O N
The geoidal height (N) obtained by Stokes' theory directly depends on the chosen density distribution for the topography. Use of a constant density (2.67 g cm −3 ) introduces errors in the reduced gravity anomalies (e.g. Helmert's anomaly) and, consequently, in the geoid. Several studies have previously investigated the use of laterally varying topographic density models in gravimetric geoid computations (e.g. Martinec et al. 1995; Kuhtreiber 1998; Pagiatakis et al. 1999; Tziavos & Featherstone 2000; Huang et al. 2001; Hunegnaw 2001) . The real density distribution of the crustal rocks can differ from the standard value by 10-20 per cent. For example, sedimentary layers often have density values below 2.4 g cm −3 , and plutonic or eruptive rock type such as gneiss, gabbro or basalt can have a density of more than 3 g cm −3 . Martinec (1993) points out that, theoretically, lateral density variation of topographical masses may introduce errors on the geoid of the decimetre level in mountainous areas. Further he also estimated the direct lateral density effect on the geoid over Lake Superior to range from −1.1 to 1.3 cm. Huang et al. (2001) came to the same order of magnitude for the total density anomaly contribution to the geoid in the Canadian Rocky Mountains. Fraser et al. (1998) developed a GIS-based system to calculate terrain corrections using the real topographical rock density values. The results show that in the Skeena region of British Columbia Canada, the terrain corrections to gravity can change by a few MGals when real topographical density is used. Further, Pagiatakis et al. (1999) show that the effect of lateral density variations on the geoid can reach nearly 10 cm in the Skeena region and several millimetres in New Brunswick, where the terrain is moderate. Also, Sjöberg (2004) showed that the total effect on the geoid from lateral density for the deepest lake on Earth (Lake Bajchal) and for the highest mountain of the Earth (Everest) can reach up to ±1.5 cm and ±1.78 m, respectively. This article presents the results of experiments conducted using topographic density data in gravimetric geoid computations in Iran. There are many different reasons for starting the current research in Iran. Iran is one of the most complicated areas in the world in view of rough topography, tectonic activities, density and geoidal height variation. The minimum, maximum, mean and standard deviation of the topographic heights in Iran are −26, 5678, 1059 and ±734 m, respectively. Also, the geoidal height varies in the range of 50 m. Recently, a new gravimetric geoid model was determined for Iran (Kiamehr & Sjöberg 2005 ); we will now attempt to improve the accuracy of this model, especially in mountainous areas by considering the effect of lateral density variations. In spite of the aforementioned researches, this article will utilize a simple but a very practical formula for determining the effect of density variation in geoid models given by Sjöberg (2004) . The formula can be applied easily as an additive correction for geoid heights for any gravimetric geoid model. This method also includes all of the topographic and downward continuation effects. On the other hand, in contrast to other works, here we will apply the effect of density variation in a very large area, and we will investigate the density effect on the geoid based on Pratt-Hayford's isostatic model.
C O N S T RU C T I O N O F D E N S I T Y VA R I AT I O N M O D E L
As mentioned before, we have commonly used reference density distributions starting at 2.67 g cm −3 at sea level, for geoid modelling. However, this density increases to 2.90 g cm −3 at the base of the crust, jumping to 3.3 g cm −3 across the Moho at 32 km depth and increasing through the mantle with major 'discontinuities' at the phase transition zones. At the base of the mantle, the preliminary reference earth model (PREM) (see e.g. Dziewonski & Anderson 1981) gives a density of 5.4 g cm −3 and for the Earth's core varies from 9.9 to 13 g cm −3 at the centre, the density of the core being very uncertain. This study is interested in the gravitational potential field in the Earth's crust rather than the interior of the Earth. This is because the focus is on the geoid, which is situated in the upper part of the Earth. Thus our model is about the effect of the density distribution of the visible topographic masses above the geoid.
Different approaches can be used for creating the density model. The first, but rather difficult, approach is the direct measurement and collection of samples by core, drill samples or hand samples. The method limited by inaccessibility and may not be representative. The other famous geophysical approach is use of the density profile approach (Nettleton 1971) . In this method closely spaced gravity anomalies g at different elevations over topographic features are collected, and then are constructed free-air gravity anomalies (in moderate areas) or Bouguer (in rough areas) corrections, for various values of density values ρ. Then we try to find the ρ values which give the least correlation with topography. The further geophysical approach is the logs investigation method. The gamma-gamma, x-ray source, neutron and seismic and their reflected beams can produce a density of electrons, which is dependent on density of rocks. It gives a depth investigation of crust and is the best method to obtain more real density values. From the practical point of view it is still very expensive and is usually used only for special exploration (e.g. oil explorations in southwest of Iran) purposes.
Another simple method for estimating the density is linear leastsquares regression. The method has been applied successfully in a small area in Hungary by Rózsa (2002) . Density values are obtained from a simple regression model between the free-air gravity anomaly and elevation. This method can be applied only in small areas with very dense and homogenous gravity data and the results give only a general view about the density variation of rocks in the study area.
Topographic density models from geological maps
Various researchers around the world (see e.g. Martinec 1993; Pagiatakis 1999; Kuhn 2000a,b; Tziavos et al. 2000; Huang et al. 2001) have successfully used geological maps to generate density models. Usually, a 3-D digital density model is needed to give a better description of the topographic masses, but the development of such a model can be very difficult or almost impossible. At present, a geological map usually gives little information on how the surface rock behaves with depth. Nevertheless, an approximate density model would improve the gravity reduction in a precise geoid determination rather than assuming an unrealistic constant density model.
The Iranian Geological Survey (GSI) published the Geological Map of Iran in 1:1 000 000 scale, which displays bedrock formations at or near the Earth's surface (Haghipour & Agnabati 1985) . The bedrock units are grouped according to composition and geological age (see Fig. 1 ). Unfortunately, the digital version of this map is still not accessible for public use. The US Geological Survey published a similar geological map over Iran in the scale 1:2 500 000 in a digital version. This map has been digitally compiled and abstracted from the original geological map of Iran. This facilitates its use greatly by allowing a direct import into GIS software (Pollastro et al. 1999) . About 541 476 geometrical polygons in 59 categories are used to delimit bedrock units over Iran. These polygons are the fundamental density units.
In general, the southwest and south of the main Zagros fault is composed mainly of sedimentary units of majority limestone, sandstone, shale and less evaporates, the density of which varies between 2 and 2.8 g cm −3 . In the north and adjacent to the folded Zagros, Sanandaj-Srijan and Urumiyeh-Dokhtar mainly consist of igneous and metamorphic rocks with average density of 2.5 to more than 3 g cm −3 . The east and northeast of Iran are also similar to Zagros. Alborz as well as Central Iran have more complexity. It seems that the South Caspian Sea basement is an oceanic crust. There are some narrow zones of ophiolitic rocks (an igneous rock consisting largely of serpentine) on the map which are the remnants of the oceanic crust.
To generate the 2-D topographical mass density map using the digital geological maps in GIS, we used the legend information of the GSI map whereby each geological unit is assigned a range of rocks to which a mean value of density is assigned. A table of density values from (Carmichael 1989 and http://www-geo.phys.ualberta.ca/∼vkrav/Geoph223/GravityDensity.htm) were used. The resolution of a density value is taken at a grid size of 80 × 90 corresponding to the gravimetric geoid model grid size. The results are displayed in Fig. 2 , which shows large contrasts in the density variation of rocks with maximum and minimum values of 1.6 and 3.4 gm cm −3 , respectively.
T H E E F F E C T O N T H E G E O I D
Based on Sjöberg (2004) , instead of computing separate effects of lateral density variation for direct, downward continued and indirect effects, he showed in two independent ways that the total effect of the geoid due to the lateral density anomaly could be represented as a simple correction proportional to the lateral density anomaly and the elevation of the computation point square. The combined topographic effect on the geoid (Sjöberg 2001) including the zero and first-degree terms is well approximated by
Here G is the gravitational constant and ρ = ρ(θ, λ) is the laterally variable topographic density at co-latitude θ and longitude λ and height H. The total effect of lateral density variations on geoid determination is composed of the direct, downward continuation and indirect effects. As the long-wavelength contributions of these effects cancel in their sum, the simple total effect of eq. (1) follows as a practical computational formula. If the density of the topography at the computation point is
where ρ 0 is the standard density (2.67 g cm −3 ) and ρ = ρ(θ, λ) is the lateral density anomaly with respect to the standard density, the total effect of ρ on the geoid height becomes
The topographic model used in this study, the Shuttle Radar Topography Mission (SRTM), has a resolution of 15 The total density effect on the geoid caused by lateral density variation of the topographical masses computed with the resolution of the 80 × 90 (with the same grid size used in the generation of density and geoid models) has been calculated by eq. (3). Fig. 3 shows the effect of using the density variation model on the geoid. The minimum, maximum, mean and standard deviation of the lateral variation of density effect on geoid model are −0.143, 0.224, 0.004 and 0.015 m, respectively. The Pratt-Hayford's model of isostatic reduction (Heiskanen & Moritz 1967, p. 138) assumes that the Earth's crust behaves like dough, with a lateral mass deficiency and topographic density and density anomaly given by the equations
where D is the depth of the crust below sea level and ρ 0 is the density for H. Applying this model to eq. (3) we thus obtain the lateral isostatic density anomaly effect on the geoid by Mooney et al. (1998) developed a first complete global crustal model that includes sediment thickness, Moho depth, and seismic velocities at a resolution of 5
• × 5
• . Although this is a very lowresolution model, the data set has filled a major gap in geosciences research. Based on this model, the mean depth of crust in Iran is estimated to be 45 km, which matches very well with the results of other research (Dogan et al. 2001; Dehgani & Makris 1984) .
The minimum, maximum, mean and standard deviation geoidal heights change using the isostatic model and are 0, 2.912, 0.076 and 0.119 m, respectively. Fig. 4 presents the effect of using the isostatic model on geoid heights. The result indicates a significant effect on geoid based on the Pratt-Hayford's isostatic model. Fig. 5 shows the difference between the actual and isostatic-based models. The main differences between the two models come from the rough terrain in the Alborz and Zaghros mountains.
E VA L UAT I O N O F T H E D E N S I T Y M O D E L U S I N G G P S / L E V E L L I N G D ATA
In order to study the effect of using the density variation models on the newly released gravimetric geoid model of Iran; IRG04 (Kiamehr 2006) , 260 GPS/levelling points were used. From the 260 available GPS/levelling points, 35 points belong to the first order and the rest belong to the second-order national GPS and levelling network (Fig. 6) . The mean standard deviation of the geodetic heights was estimated to be 0.2 m. (Nankali, NCC, personal communication, 2005) .
The estimated absolute accuracy for the first-order spirit levelled heights (35 points) is about 0.7 m. It is mainly because of neglecting the effect of the sea surface topography (SST) in the 1989 adjustment of levelling networks, which can be approximated at the most to a 20 cm level. Also, the presence of systematic errors-for example, refraction, staff settlement, neglecting the correction of gravity on orthometric heights (Hamesh 1991) and some uncertainty about the definition and establishment of the height reference system used in the adjustment of the network (Hamesh 1991 )-reduce the absolute accuracy of the orthometric heights. The accuracy of the secondorder levelling network could be lower than the first-order network, because they were computed based on the local adjustment with respect to first-order network stations. Fortunately, from the relative accuracy viewpoint, the field observation of GPS and levelling network were done in a very sound technical condition and with instrumentation strictly adhering to principles. According to Hamesh (1991) , the average accuracy of the relative orthometric heights for the first-order national levelling network could be about 3 ppm.
The minimum, maximum, mean and standard deviation of these levelled heights are −21.45, 2551.55, 1083.68 and 651.99 m, respectively. We added either the effect of actual or isostatic models on the gravimetric geoid model as correction term. Table 1 shows a summary of a statistical analysis for the evaluation of the two corrected geoid models versus GPS/levelling data.
Although there seems to be a slight improvement in that the correction for lateral density variation works in the right direction, from Table 1 we cannot see a significant improvement by using the density model because most of the GPS/levelling data are located in the moderate topographic areas with a maximum height of 2551. Also, Figure 6 . Distribution of the GPS/levelling data on the SRTM-based digital elevation model of Iran. Black and white points indicate first and second-order GPS and levelling networks, respectively. Unit: m. the isostatic model gives a minimum mean value (bias) comparing the geoid with standard and actual density values (see Table 1 ). We think that evaluation of the effect of the density model with GPS/levelling data does not seem much reasonable, because basically our levelling Helmert orthometric height is not a true orthometric height. This difference lies in the error of the estimation of mean value of gravity along the plumb line between the surface and the geoid. The Helmert height is based on a model of an infinite Bouguer plate with a uniform density of 2.67 g cm −3 . Variations in density and topographic relief will cause departures of Helmert heights from true orthometric heights. As a gauge on the influence of rock density variation, Heiskanen & Moritz (1967, p. 169) show a 4 mm error in the Helmert height for a point at 1000 m elevation and with a constant 0.1 g cm −3 surface density departure from 2.67 g cm −3 . Such error is proportional, so that if one assumes an average density of 2.87 g cm −3 (e.g. diorite/gabbro combination or an alkaline basalt as found in the Rocky Mountains) distributed as a Bouguer plate with an elevation of 3000 m, then one would obtain a Helmert height error of 0.024 m. For any realistic evaluation of the effect of actual density on the gravimetric geoid model, we need a correct orthometric height.
C O N C L U S I O N S
A number of preliminary conclusions can be drawn from these first results of geoid computations over Iran with a large topographic density contrast. The effect of density on the computed geoid solution is obvious and quite significant. Our results show that the effect of using the actual density variation model on the geoid ranges from −0.14 to 0.22 m. Also, using of the Pratt-Hayford's isostatic model gives a significant effect up to 0.29 m on the geoid. It is evident that the use of the density variation model can be improve the accuracy of the geoid especially in mountainous areas. However, basically because of the lack of GPS/levelling data in mountainous areas, we could not see much improvement by evaluation of the corrected gravimetric geoid model versus GPS/levelling. This is because we can see that the effect of the lateral density variation is dependent on the square topographical height parameter and most of our GPS/levelling points are located in moderate heights areas. Also, in the determination of the current Helmert orthometric heights of Iran the constant density value was used thus; use of these biased data is not recommended for evaluation purposes. On the other hand, the current density model can be used for correction of orthometric heights in future.
The results presented in this research may have underestimated the effects because a better density model will be needed to estimate the density effects at the 1 cm level of accuracy. Our results show that for an accuracy of 2 dm or less, a constant density value is adequate, except in mountainous areas. In this study, the density information was derived from 2-D geological maps. However, the process of deriving density models only from geological maps has to be treated with caution, since they normally represent only the surface rock type and carry little information on the continuation with depth. Also, the density value of the same rock type can vary by a great amount. Nevertheless, it is recommended that even the most simplistic density model is used in all steps of the geoid solution, and not only in the computation of the terrain corrections. Future work is planned for producing a more accurate density model and orthometric heights for the test area of Iran.
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